In modern agriculture, to attain high crop yields and satisfy the demand of an increasing population, a significant amount of inorganic fertilizers is applied to croplands[@b1]. However, long-term inputs of inorganic fertilizers are disadvantageous to develop long-term sustainability in agroecosystems[@b2]. Organic inputs are widely accepted as one of the sustainable agricultural practices that improve soil fertility and soil biological properties[@b3][@b4][@b5]. Considering the requirement for both crop yields and sustainable agroecosystems, the combined application of inorganic fertilizers with organic materials is regarded as a reasonable and effective approach to achieve both goals[@b6]. Chivenge *et al.*[@b7] concluded that the reasonable application of inorganic fertilizers with organic resources can increase soil fertility and crop yields.

Soil aggregates are formed from the combination of soil organic matter and soil mineral particles (sand, silt and clay)[@b8]. Size and stability of aggregates influence the composition and activity of soil biota[@b9][@b10][@b11]. Among the soil fauna, soil nematodes are abundant soil invertebrates occupying central position of soil food webs and have a pronounced influence on soil ecological processes[@b12][@b13]. The distribution of nematodes in soils is dependent on feeding habits, body size and the availability of resources[@b14][@b15]. Zhang *et al.*[@b16] found that soil nematode abundance decreased with decreasing aggregate size. However, according to Briar *et al.*[@b15], numbers of nematodes are higher within microaggregates (\<250 μm) than within small macroaggregates (250--1000 μm). Soil aggregates of different size fractions might offer spatially heterogeneous habitats for soil nematodes. Additionally, the relationship between microbial and nematode communities also determines nematode distribution[@b15][@b16]. Therefore, to understand the functions of soil biota in ecosystems, determination of their changes within microhabitats is essential, particularly within different aggregate size fractions[@b17].

Previously, many researchers focused attention on the effects of tillage practices on the distribution of nematode assemblage within soil aggregate fractions[@b15][@b16]. Tillage practices influence soil nematodes directly through physical disruption of soil microhabitats. Some studies investigated the responses of soil nematodes to different types of fertilization management, but few works reported the distribution of soil nematodes within soil aggregate fractions under fertilization practices. Although Jiang *et al.*[@b18] determined the nematode community distribution within aggregates under different application rates of manure, the variation in nutrient status and in soil nematode communities within aggregates following the combined application of inorganic fertilizers with different organic materials remains unclear. Therefore, to assess the effect of fertilization practices on the soil micro-food web in micro-scale environments, the variation in soil nematode communities within different aggregate size fractions must be determined.

The objectives of this study were to investigate the effects of the combined application of organic and inorganic fertilizers on soil aggregate stability, to analyse the variation in soil nematode communities within aggregates under different fertilization practices, and to identify the relationship between soil physicochemical properties and the distribution of nematode communities in different fertilization treatments. We hypothesized that compared with manure application, straw incorporation might be more effective in increasing soil nutrients within aggregates, and that nematode metabolic footprints within aggregate fractions changed with the type of fertilization.

Results
=======

Soil aggregation and physicochemical properties within aggregates
-----------------------------------------------------------------

The soil mean weight diameter was greater in NPKS than in other treatments ([Table 1](#t1){ref-type="table"}, P \< 0.05). Compared with NPK, the proportions of \>2 mm and 1--2 mm aggregates of NPKS were increased 13.30% and 18.84%, respectively. In both NPKM and NPKS, the proportions of \<0.25 mm aggregates decreased significantly in comparison with CK and NPK (P \< 0.05). Two-way Analysis of Variance (ANOVA) showed significant influences of fertilization, aggregate size and their interaction on soil physicochemical properties ([Table 2](#t2){ref-type="table"}, P \< 0.05). Higher soil moisture was found in NPKS than in the other treatments, except for \<0.25 mm aggregates ([Table 2](#t2){ref-type="table"}, P \< 0.05). Both soil organic carbon and total nitrogen were strongly affected by fertilization, with greater contents observed in NPKM and NPKS within all aggregates ([Table 2](#t2){ref-type="table"}, P \< 0.05). However, the relation with C/N ratios was different from that observed for soil organic carbon and total nitrogen, with higher C/N ratios observed in CK than those in NPKM and NPKS ([Table 2](#t2){ref-type="table"}, P \< 0.05). In general, the effects of aggregate size on soil physicochemical properties were significant, and soil moisture, soil organic carbon, total nitrogen and C/N ratios were lower within \<0.25 mm aggregates than within \>0.25 mm aggregates ([Table 2](#t2){ref-type="table"}, P \< 0.05). In comparison with CK, soil pH was lower in the other three fertilization treatments (P \< 0.05). Moreover, lower pH values were found within \<0.25 mm aggregates than within \>0.25 mm aggregates (P \< 0.05).

The accumulation of soil organic carbon and total nitrogen were higher within \>0.25 mm aggregate size fractions than within \<0.25 mm aggregate fractions ([Table 2](#t2){ref-type="table"}, P \< 0.05). Soil aggregate size and the interaction of fertilization and aggregate size also significantly affected the enrichment factors of soil organic carbon and total nitrogen within aggregates (E~SOC~ and E~TN~, respectively; [Table 2](#t2){ref-type="table"}, P \< 0.05). Additionally, higher E~TN~ were observed in NPKS than in the other three treatments within 0.25--1 mm and \<0.25 mm aggregate fractions ([Table 2](#t2){ref-type="table"}, P \< 0.05).

Soil microbial biomass within aggregates in different fertilization treatments
------------------------------------------------------------------------------

Soil microbial biomass was strongly affected by fertilization and aggregate size ([Table 3](#t3){ref-type="table"}). In comparison with CK and NPK, in both NPKM and NPKS, total microbial biomass increased within all aggregates (P \< 0.05). Additionally, bacterial biomass was higher in NPKM and NPKS than in CK and NPK within all aggregates (P \< 0.05). Except for the 0.25--1 mm fraction, greater fungal biomass was found in NPKM and NPKS than in CK ([Table 3](#t3){ref-type="table"}, P \< 0.05). Furthermore, relatively lower microbial biomass was found within 0.25--1 mm than within 1--2 mm aggregates (P \< 0.05).

Nematode community distribution and metabolic footprints within different aggregate size fractions
--------------------------------------------------------------------------------------------------

Twenty-two nematode genera were identified in the wheat season ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). The dominant nematode genus was *Geocenamus*, with a relative abundance \>10% within all aggregates among the four fertilization treatments. Fertilization practices strongly affected soil nematode genera. For example, fungivores such as *Filenchus*, *Diphtherophora* and *Tylencholaimus* were relatively more abundant in CK than in the other three treatments (P \< 0.05). Additionally, in this study, *Prismatolaimus*, *Eudorylaimus* and *Basiria* were observed only within \>0.25 mm aggregate size fractions ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). Fertilization practices also strongly affected the total nematode abundance and that of different trophic groups ([Fig. 1](#f1){ref-type="fig"}, P \< 0.05). The abundances of total nematodes, bacterivores and plant-parasites were higher in NPKM and NPKS than in CK, and fungivores were more abundant in CK and NPKS than in NPK within \>2 mm and 1--2 mm aggregates ([Fig. 1a](#f1){ref-type="fig"}--c,e, P \< 0.05). In comparison with CK, only in NPKM, the abundance of omnivores-predators increased within \>2 mm aggregate fraction ([Fig. 1d](#f1){ref-type="fig"}, P \< 0.05). Within 0.25--1 mm aggregates, higher abundances of total nematodes, bacterivores and plant-parasites were observed in NPKS than in CK (P \< 0.05). Additionally, in NPKM, abundances of total nematodes and plant-parasites increased significantly in comparison with CK within \<0.25 mm aggregates (P \< 0.05). The soil nematode community was also sensitive to the aggregate size fraction, and abundances of total nematodes and the four trophic groups were higher within \>2 mm, 1--2 mm and 0.25--1 mm than within \<0.25 mm aggregates ([Fig. 1](#f1){ref-type="fig"}, P \< 0.05).

Fertilization had significant effects on nematode enrichment and structure indices ([Table 4](#t4){ref-type="table"}, P \< 0.05). Except for \<0.25 mm aggregates, the enrichment index was lower in NPK than in the other three treatments (P \< 0.05). Within \>2 mm and 1--2 mm aggregates, the structure index was higher in CK in comparison with NPKS (P \< 0.05). Additionally, only the structure index was strongly influenced by aggregate size, with relatively lower values found within \<0.25 mm aggregates. Fertilization practices and aggregate size significantly influenced the functional metabolic footprints of soil nematodes ([Fig. 2](#f2){ref-type="fig"}, P \< 0.05). Within all aggregates, greater functional metabolic footprints were found in NPKM and NPKS than in NPK and CK (P \< 0.05). Additionally, the values of functional metabolic footprints significantly decreased with decreasing aggregate size ([Fig. 2](#f2){ref-type="fig"}, P \< 0.05). Except for CK, the functional metabolic footprints within \>2 mm and 1--2 mm aggregates in the other three fertilization treatments primarily moved from quadrant C to quadrant D. Except for 0.25--1 mm and \<0.25 mm aggregate fractions for NPKS in quadrant B, the other aggregates under different fertilization treatments were all clearly located in the area in which the enrichment indexes were \<50 (i.e., quadrants C and D; [Fig. 2](#f2){ref-type="fig"}).

Relationships between nematodes and soil physicochemical properties within aggregates
-------------------------------------------------------------------------------------

Principle component analysis ([Fig. 3](#f3){ref-type="fig"}) showed that nematode community compositions in CK and in NPK, NPKM and NPKS were significantly distinguished by the first canonical axis, which explained 61.1% of the total variation. However, in general, the second canonical axis (12.4%) did not distinguish clearly the nematode communities within different aggregate fractions. Based on the different distributions of soil nematodes under different fertilization practices, redundancy analysis ([Fig. 4](#f4){ref-type="fig"}) was performed to analyse the relationship between nematodes and soil physicochemical properties. Among the soil physicochemical properties, C/N ratio was the primary driving factor that influenced soil nematode communities ([Fig. 4](#f4){ref-type="fig"}, P \< 0.01). Additionally, soil nematode communities were affected by soil pH and total nitrogen (P \< 0.05).

Discussion
==========

In our study, the long-term application of crop straw into soils significantly affected soil physicochemical properties such as the mean weight diameter, soil moisture, soil organic carbon and total nitrogen across all aggregate sizes ([Tables 1](#t1){ref-type="table"} and [2](#t2){ref-type="table"}). In comparison with treatments without crop residue application, straw incorporation improves soil hydrological properties[@b19], such as water-holding capacity[@b20], which results in higher water content in soils[@b21]. Additionally, the application of straw increased carbon resources, which contributed to soil organic carbon accumulation. Furthermore, lignin and cellulose derived from maize straw forms organic cementing material to increase soil aggregate stability[@b22][@b23]. Although both manure application and straw incorporation increased the contents of soil organic carbon and total nitrogen, C/N ratios were relatively lower in the two organic fertilization treatments ([Table 2](#t2){ref-type="table"}). In general, during the decomposition of manure, C is lost faster than N, which leads to a decrease in C/N ratio in manure treatments[@b24]. In the present study, in contrast to the other treatments, enrichment factors for total nitrogen were higher within 0.25--1 mm and \<0.25 mm aggregates in NPKS ([Table 2](#t2){ref-type="table"}). Therefore, straw incorporation might have an important role in contributing to total nitrogen storage, particularly within \<1 mm aggregates.

The accumulation of soil organic carbon functional groups within aggregates is dependent on soil aggregate size rather than nutrient amendments[@b25]. In this study, soil organic carbon contents were higher within macroaggregates (\>0.25 mm aggregates) than within microaggregates and silt and clay fractions (\<0.25 mm aggregates). This observation was consistent with the studies of Xie *et al.*[@b26] and Lichter *et al.*[@b27], who demonstrated that both manure application and residue incorporation increase soil organic carbon in macroaggregates. Tripathi *et al.*[@b28] concluded that the incorporation of organic fertilizers causes the decomposition of organic matter and then roots, hyphae and polysaccharides bind mineral particles into microaggregates, which then contribute to C-enrichment in macroaggregates.

In this study, both NPKM and NPKS had positive effects on total nematode abundances within aggregates. External organic inputs of manure and crop straw increase energy availability for soil microbes and thereby increase microbial activity and biomass[@b29]. In our study, significantly positive relationships between total nematodes and soil microbial biomass were found in the manure and straw incorporation treatments (P \< 0.05). Therefore, the increase in microbial biomass likely led to the higher total nematode abundance within all aggregates in NPKS and NPKM treatments. Within all aggregates, the abundance of plant-parasites clearly increased with manure application compared with CK. Based on the manure application rate, our results were partially consistent with the observations of Jiang *et al.*[@b18], who found that low-rate application of manure (150 kg N ha^−1^ y^−1^) leads to increases in numbers of plant-parasites but that high-rate application (600 kg N ha^−1^ y^−1^) may have negative effects. Long-term fertilization, particularly amendments with manure, increases root density and also the development of external mycelia of arbuscular mycorrhizal fungi[@b30][@b31]. Fungal hyphae and plant roots that remain in soils bind microaggregates into macroaggregates, which may offer more feeding spaces and resources for plant-parasites[@b23]. The data for *Basiria* belonged to plant-parasites partially confirmed this hypothesis ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). In this study, dry sieving method for aggregate fractionation was performed. The dry-sieving procedure was adopted in order to avoid the loss of hydrotropic nematodes[@b32]. However, the wet-sieving method could increase the loss of microbial biomass living on the surface of aggregate fractions[@b18]. It must be noted that there is still limit for dry sieving method due to the moisture control during the separation and the power of separating soil blocks into fragments by hand before the mechanical sieving.

Analyses of nematode fauna using enrichment and structure indices provide information on the status of soil food webs[@b33]. Moreover, the nematode enrichment index is a reflection of the response of primary decomposers such as bacterivores (cp 1) and fungivores (cp 2) to resources entering the soil food web[@b33]. In this study, the lowest enrichment index was in the NPK treatment, which was indication of the relatively small labile nutrient pool in the inorganic fertilization treatments, and with limited nutrients the development of the soil food web might be restricted[@b34]. The structure index is primarily dependent on populations of omnivores-predators, which are sensitive to soil disturbance and require long recovery times[@b33]. In comparison with NPKS, greater values of structure index within \>1 mm aggregates in CK indicated that the soil food web was a relatively complex community with few disturbances within larger aggregates[@b34]. Nematode metabolic footprints provide information on the responses of nematode assemblages to resources but are also an indication of the functions and services offered by nematodes[@b35]. In the present study, both manure application and straw incorporation increased soil nematode functional metabolic footprints within all aggregates ([Fig. 2](#f2){ref-type="fig"}). A larger nematode functional footprint indicates that more C flows into the soil nematode community, which is used for nematode production[@b36]. Consequently, based on our results, organic inputs likely had a positive effect on carbon accumulation in the soil nematode community. Additionally, for the nematode functional metabolic footprint across all fertilization treatments, the ranking was as follows: \>2 mm aggregate \>1--2 mm aggregate \>0.25--1 mm aggregate \>aggregate \<0.25 mm (\<0.25 mm aggregate). Two possibilities might explain the decline in the nematode functional metabolic footprint with the decrease in aggregate size. First, the relatively low microbial biomass within the smaller aggregates did not support the development of the nematode community. Additionally, because of the large body size of some nematodes, access to the small aggregate fraction may be restricted, leading to a decrease in nematode abundance. For example, in this study, both *Prismatolaimus* and *Eudorylaimus* did not appear within small aggregate size fractions. Typically, nematodes such as *Prismatolaimus* and *Eudorylaimus* with high cp values have relatively large body sizes, and therefore, the space within smaller aggregate sizes may limit access. In a nematode faunal analysis, Ferris *et al.*[@b33] concluded that the soil food web is structured when in quadrant C (EI \< 50, SI \> 50); however, when in quadrant D (EI \< 50, SI \< 50), the soil food web is likely degraded. In this research, the tendency of nematode functional metabolic footprints within \>1 mm aggregates in NPK, NPKM and NPKS to move from quadrant C to quadrant D indicated that the soil disturbance caused by fertilization practices likely strongly affected the soil food web, particularly within larger aggregates. Notably, the nematode functional metabolic footprints of 0.25--1 mm and \<0.25 mm aggregate fractions for NPKS, with relatively greater enrichment and structure indices, were located in quadrant B and were different from the identical aggregate fractions in the other fertilization treatments ([Fig. 2](#f2){ref-type="fig"}). This result was consistent with the enrichment factor for total nitrogen within aggregates of this study ([Table 2](#t2){ref-type="table"}). Nitrogen is a factor that limits primary production and with adequate N, the soil food web is maintained[@b33]. Therefore, the incorporation of crop straw might have a positive effect on soil nematode fauna, particularly within \<1 mm aggregates, due to contributions to N accumulation in the smaller aggregates.

In the present study, among the environmental factors, the C/N ratio had the strongest effect on the soil nematode community within aggregates ([Fig. 4](#f4){ref-type="fig"}), with most soil nematode genera positively correlated with soil C/N ratio ([Supplementary Table S2](#S1){ref-type="supplementary-material"}). The variation of C/N ratios within aggregates is a reflection of the quality of organic materials within aggregate fractions[@b37]. Furthermore, aggregates with higher C/N ratios indicate that the soil organic carbon is correspondingly fresh or little decomposed by microorganisms. However, low C/N ratios within aggregates suggest that the soil organic carbon is relatively aged and microbially derived[@b38]. Therefore, soil organic matter of differing quality within aggregates might lead to differences in availability of nutrients, which might indirectly affect soil nematodes.

In some studies, soil pH is the driving factor for changes in soil food webs[@b39][@b40]. In our research, soil pH also had a significant influence on soil nematode communities ([Fig. 4](#f4){ref-type="fig"}), particularly for fungivores and plant-parasites ([Supplementary Table S2](#S1){ref-type="supplementary-material"}). The decline of fungivores in the N input treatments was similar to that reported by Li *et al.*[@b41], who found that the abundance of fungivores decreased in N addition plots. Following N addition, soil acidification is a key factor that inhibits soil nematodes[@b42]. In this study, both *Pratylenchus* and *Pratylenchoides* belonging to plant-parasites were negatively correlated with soil pH ([Supplementary Tables S1 and S2](#S1){ref-type="supplementary-material"}). Lal and Jauhari[@b43] observed that a change in soil pH from neutral to high suppressed the abundance of *Pratylenchus*. In this study, the application of inorganic or organic fertilizers led to a decline in soil pH but the soil remained slightly alkaline. Therefore, we inferred that the increasing abundance of *Pratylenchus* and *Pratylenchoides* might be related to the weakened suppressive effects induced by the decrease in soil pH.

In conclusion, both crop straw incorporation and inorganic fertilizer application contributed to soil aggregation, moisture retention and soil total nitrogen accumulation, particularly within \<1 mm aggregates. The accumulation of total nitrogen within \<1 mm aggregates under straw incorporation treatment might play an important role in maintaining the survival of soil nematodes. Soil C/N ratio exhibited a strong correlation with the nematode abundance in the present study. Organic inputs such as manure application or straw incorporation increased the nematode functional metabolic footprints within all aggregates. In addition, the functional metabolic footprints decreased with decreasing aggregate size. Understanding the distribution of soil nematode community within aggregate fractions not only reflected the nutrient status of aggregates but also clarified the effect of fertilization practices on the soil micro-food web within the micro-scale environments.

Methods
=======

Experimental site and design
----------------------------

The study was conducted at the long-term fertilization experimental site of the Henan Academy of Agricultural Sciences in Yuanyang County, Henan Province, China (35°00′28′′ N, 113°41′48′′ E). The climate of the region is temperate monsoonal. The average annual precipitation is 646 mm, the mean annual temperature is 14.8 °C and the frost-free period is 224 d at this site. The soil is classified as Calcaric Cambisol (FAO classification) with initial soil basic properties as follow: soil pH (water: soil = 1:1) 8.3, organic matter 11 g kg^−1^, total N 0.6 g kg^−1^, total P 0.6 g kg^−1^ and total K 25.4 g kg^−1 ^[@b44].

The experiment was established in 1990. A winter wheat (*Triticum aestivum* L.)-summer maize (*Zea mays* L.) rotation system was applied in all treatments each year. Winter wheat was sown in early October and harvested in early June. Summer maize was sown in early June and harvested in mid-September.

The experiment was a randomized block design with three replicates. Each experimental plot was 51 m^2^ (8.5 m × 6 m). The following four treatments were applied: (1) CK (no fertilizer), (2) NPK (N, urea; P, superphosphate; and K, potassium sulphate), (3) NPKM (NPK plus cattle manure compost) and (4) NPKS (NPK plus maize straw). Except for CK, the total N applied was equal in the three fertilization treatments. The amount of manure and crop straw applied was calculated based on the concentration of N in manure or crop straw, with the ratio of 7:3 maintained for manure-N or straw-N to mineral N. The average nutrient content in cattle manure was 13.1 g kg^−1^ N, 7.0 g kg^−1^ P and 7.1 g kg^−1^ K (from 2002 to 2005). For crop straw, the average nutrient content was 8.5 g kg^−1^ N, 2.0 g kg^−1^ P and 17.5 g kg^−1^ K. The plots were ploughed once to a depth of 20 cm using a mouldboard plough. Typically, wheat was irrigated twice at sowing and stem elongation stages, each event with 75 mm of water; whereas maize was irrigated once with 75 mm of water at sowing. Organic manure for NPKM and maize straw for NPKS were applied as base fertilizers before sowing wheat. All P and K fertilizers and 50--70% of N fertilizer were applied as base fertilizers during the sowing period, with the remaining N fertilizer applied as a top-dressing in small holes near the plants at stem elongation stage. During the maize season, soil disturbance was minimal and the fertilizers were applied in small holes near the plants. For wheat, each year the application rates of N, P and K were 165 kg, 36 kg and 68 kg ha^−1^ year^−1^, respectively[@b45]. For maize, the application rates of N, P and K were 187.5 kg, 41 kg and 78 kg ha^−1^ year^−1^, respectively[@b45]. The amount of fertilizer applied for each crop under the different treatments is shown in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. Crop residues were incorporated into soils in NPKS but were removed from the fields in the other treatments.

Soil sampling and aggregate fractionation
-----------------------------------------

Soil samples were collected from each plot at a depth of 0--20 cm on June 9, 2013 at wheat harvest stage. The sampling date was selected after the wheat harvest because we mainly paid attentions on the responses of soil nematode community within soil aggregates to inorganic or organic fertilizers throughout the whole growing season rather than different growing stages. Additionally, we observed that the correlation between soil physicochemical properties and soil biological communities were stronger in the wheat season than in the maize season in our previous studies[@b46]. In each plot, three undisturbed soil blocks (each 10 cm in length, 10 cm in width and 20 cm in depth) were collected randomly with a shovel after removing the surface residue; the samples were composited as a single replicate after sieving according to different aggregate size fractions. A total of 12 soil samples (36 blocks) were collected. Fresh samples were placed in a plastic box and stored at 4 °C until processing and analyses.

Soil aggregate fractions were separated using the dry sieving method described by Gartzia-Bengoetxea *et al.*[@b47]. Dry sieving was used because in comparison with drying-rewetting cycles, external mechanical stresses are likely the primary reason for aggregate breakdown in agricultural ecosystems[@b47]. Additionally, dry sieving causes less disruption to the habitats of soil microorganisms than wet-sieving[@b48]. Before sieving, fresh soil samples were maintained at 4 °C until soils reached a gravimetric water content of approximately 100 g H~2~O kg^−1^ so that finer sieves could be used[@b16]. Although dry sieving might lead to a loss in soil moisture, the difference in soil moisture between before and after sieving was not significant; thus, the loss of soil moisture was assumed to be identical in all soil samples. After the removal of visible plant residues and stones, the three undisturbed soil blocks in a plot were all sieved through a 7 mm screen by hand and then mixed together uniformly. Soil aggregates were separated by placing 100 g of cool-dried subsamples (\<7 mm) onto a nest of sieves mounted on a Retsch AS200 Control (Retsch Technology, Düsseldorf, Germany), which were mechanically shaken (amplitude 1.5 mm) for 2 min to divide the soils into the following four aggregate size classes: \>2 mm (large macroaggregates), 1--2 mm (macroaggregates), 0.25--1 mm (small macroaggregates) and \<0.25 mm (microaggregates and silt and clay fractions)[@b49]. The separation procedure was run many times until the three undisturbed soil blocks were all separated into different fractions. The fractionated samples for each aggregate-size class from each sieving were combined to make composite samples for determinations of soil organic carbon, total nitrogen, soil pH, and nematode and microbial communities (PLFAs).

Soil physicochemical analyses
-----------------------------

The mean weight diameter (MWD) was used as an index to reflect the structure of bulk soil. MWD was calculated using the following equation: MWD = ∑X~*j*~W~*j*~, where X~*j*~ is the mean diameter of the size classes and W~*j*~ is the percentage of sample weight on the sieve[@b50].

Soil moisture (SM) was measured gravimetrically. Soil organic carbon (SOC) and total nitrogen (TN) within aggregates were measured using a TOC analyser (Multi C/N 3000; Analytik Jena, Germany). Before SOC analysis, the soil samples were fumigated with HCl vapour to remove carbonates[@b51]. To study the characteristics of carbon and nitrogen pools within aggregates, the element enrichment factors (E) were calculated for each aggregate fraction. The enrichment factors of SOC and TN were calculated using the following equations: E~SOC~ = (g C kg^−1^ fraction)/(g C kg^−1^ soil) and E~TN~ = (g N kg^−1^ fraction)/(g N kg^−1^ soil)[@b38][@b52]. Bulk soil SOC and TN in these experimental plots are reported in Zhang *et al.*[@b46]. Soil pH was determined with a glass electrode in 1:2.5 soil: water solution (w/v)[@b34].

Soil PLFA analysis
------------------

Analysis of phospholipid fatty acids (PLFAs) was used to characterize the composition of the soil microbial community, according to the method of Bossio and Scow[@b53]. Lipids were extracted from 8 g freeze-dried soil using a mixture of chloroform: methanol: citrate buffer (1:2:0.8). Polar lipids were separated from neutral lipids and glycolipids on solid phase extraction columns (Supelco Inc., Bellefonte, PA, USA). Phospholipids were treated with a mild-alkali methanolysis and the produced fatty acid methyl esters were subsequently extracted in hexane and dried under N~2~. Samples were analysed using an Agilent 7890A series Gas Chromatograph equipped with MIDI peak identification software (Version 4.5; MIDI Inc., Newark, DE, USA). Before analysis, samples were dissolved in hexane that contained 19:0 as an internal standard. The following markers were chosen to represent bacterial biomass (i.e., 14:0, i14:0, 15:0, i15:0, a15:0, 16:0, i16:0, 16:1 ω7c, 16:1 ω9c, 17:0, i17:0, a17:0, 17:1 ω8c, cy 17:0, 18:0, 18:1 ω5c, 18:1 ω7c, 18:1 ω9c, and cy 19:0), and 18:2 ω6c represented fungal biomass[@b46].

Nematode faunal composition and ecological indices
--------------------------------------------------

Nematodes were extracted from 50 g fresh soil by a modified cotton-wool filter method[@b54]. Nematode abundance was expressed as individuals per 100 g dry soil. After counting total nematode abundance in each sample, 100 individuals were randomly selected and identified to genus. When total nematodes were fewer than 100 in a sample, all nematodes in that sample were identified. Nematodes were assigned to the following trophic groups according to feeding habits: bacterivores, fungivores, omnivores-predators and plant-parasites[@b55]. Nematode enrichment (EI) and structure (SI) indexes were calculated according to Ferris *et al.*[@b33]. Average fresh body mass of each nematode genus was estimated according to <http://plpnemweb.ucdavis.edu/nemaplex>. To gain insight into the metabolic activity levels of different indicator guilds of nematodes, Ferris[@b56] proposed the nematode metabolic footprint, which provides a quantitative component of ecosystem structure and function based on carbon use. The nematode metabolic footprint was calculated as ∑ (N~t~ (0.1(W~t~/m~t~) + 0.273 (W^0.75^)), where W~t~ and m~t~ are the body weight and colonizer-persister (cp) values of genus t[@b57], respectively. The enrichment footprint and structure footprint represent the metabolic footprints of lower trophic level nematodes (cp 1--2) and higher trophic level nematodes (cp 3--5), respectively. The functional metabolic footprint of nematodes was calculated according to the following formula: (enrichment footprint × structure footprint)/2 with complex μg^2^ units[@b46][@b56].

Statistical analyses
--------------------

Soil microbial biomass, nematode abundance and nematode functional metabolic footprint were ln(x + 1) transformed before statistical analyses. To test the main influences and interactions of fertilization and aggregate size effects, general linear model analysis of variance designed for split plot was performed with fertilization and aggregate size as fixed factors and replicates as a random factor. Individual comparisons among the treatments for the identical aggregate size fraction were based on Tukey's honestly significant difference (Tukey HSD) test. Linear correlations were performed to analyse the relationships between nematodes and soil properties within soil aggregates. All statistical analyses were performed using the SPSS 16.0 statistical software package (SPSS Inc., Chicago, IL, USA). Differences at P \< 0.05 were statistically significant. Principal components analysis (PCA) was applied to explore the soil nematode community composition according to the relative abundances within aggregates under different fertilization treatments. Redundancy analysis (RDA) was performed to explore the multivariate relationships between nematodes and soil physicochemical properties within aggregates using CANOCO software[@b58]. A Monte Carlo permutation test (499 permutations) was used to test the significance of the canonical axes.
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The vertical axis and horizontal axis of each footprint represent the enrichment footprint and structure footprint, respectively. The functional metabolic footprint is described by the sequentially joining points: (SI-0.5Fs/k, EI); (SI, EI + 0.5Fe/k); (SI + 0.5Fs/k, EI); (SI, EI-0.5Fe/k). Fs and Fe represent the structure footprint and enrichment footprint, respectively. EI and SI represent enrichment index and structure index, respectively, and the k value is 3. The nematode functional metabolic footprint is the total area of the two functional (enrichment and structure) footprints[@b46][@b56].](srep31118-f2){#f2}

![Principle component analysis of nematode genera composition within various aggregate fractions under different fertilization treatments.\
▾, ◻, ∆, ⚪ represent \>2 mm, 1--2 mm, 0.25--1 mm and \<0.25 mm, respectively. *Mesorhabditis, Mes; Cephalobus, Cep; Eucephalobus, Euc; Acrobeloides, Acr; Prismatolaimus, Pri; Alaimus, Ala; Filenchus, Fil; Ditylenchus, Dit; Paraphelenchus, Par; Aphelenchoides, Aph; Diphtherophora, Dip; Tylencholaimus, Tyl; Thonus, Tho; Eudorylaimus, Eud; Epidorylaimus, Epi; Dorydorella, Dor; Boleodorus, Bol; Basiria, Bas; Geocenamus, Geo; Helicotylenchus, Hel; Pratylenchus, Pru; Pratylenchoides, Pro*.](srep31118-f3){#f3}

![Redundancy analysis of the relationship between nematode genera and soil physiochemical properties in the wheat season.\
SOC, soil organic carbon; TN, total nitrogen; SM, soil moisture; As, aggregate size; C/N, C/N ratio; \*\*P \< 0.01; \*P \< 0.05. *Mesorhabditis, Mes; Cephalobus, Cep; Eucephalobus, Euc; Acrobeloides, Acr; Prismatolaimus, Pri; Alaimus, Ala; Filenchus, Fil; Ditylenchus, Dit; Paraphelenchus, Par; Aphelenchoides, Aph; Diphtherophora, Dip; Tylencholaimus, Tyl; Thonus, Tho; Eudorylaimus, Eud; Epidorylaimus, Epi; Dorydorella, Dor; Boleodorus, Bol; Basiria, Bas; Geocenamus, Geo; Helicotylenchus, Hel; Pratylenchus, Pru; Pratylenchoides, Pro.*](srep31118-f4){#f4}

###### The soil aggregate distribution and mean weight diameter (MWD) under different fertilization treatments in the wheat season (mean with standard error in parentheses, n = 3).

  Fertilization treatments    Aggregate proportion in size class (%)      MWD (mm)                                     
  -------------------------- ---------------------------------------- ---------------- --------------- --------------- --------------
  CK                                      28.62 (1.28)C                20.69 (1.03)AB   40.35 (2.22)A   10.34 (2.42)A   2.01 (0.07)C
  NPK                                     35.79 (0.68)B                19.80 (0.43)B    35.38 (1.21)A   9.03 (0.79)A    2.32 (0.03)B
  NPKM                                    34.15 (0.87)B                22.79 (0.70)AB   39.06 (1.34)A   4.00 (0.90)B    2.30 (0.05)B
  NPKS                                    40.55 (0.90)A                23.53 (0.74)A    33.57 (1.30)A   2.35 (0.98)B    2.59 (0.03)A

Different capital letters represent significant differences among fertilization treatments within the same aggregate fraction in the wheat season, as determined by Tukey's honestly significant difference test, P \< 0.05.

###### Soil moisture, SOC, TN, C/N ratios, pH, E~SOC~ and E~TN~ within different aggregate fractions under different fertilization treatments (mean with standard error in parentheses, n = 3).

  Soil properties    Fertilization treatments   Aggregate size     Effects                                                                                                     
  ----------------- -------------------------- ---------------- -------------- -------------- -------------- -------------------------------- -------------------------------- --------------------------------
  Soil moisture                 CK               7.49(0.71)B     7.51(0.82)B    6.70(0.50)B    4.71(0.18)A    [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}
  (%)                          NPK               9.43(1.20)B     8.39(0.76)B    8.24(0.36)B    5.59(0.23)A                                                                                     
                               NPKM              11.05(2.05)B    9.29(1.80)B    9.91(1.76)B    6.74(0.71)A                                                                                     
                               NPKS              13.32(0.34)A    13.39(1.08)A   11.70(0.85)A   6.46 (0.65)A                                                                                    
                                                      ab              a              b              c                                                                                          
  SOC                           CK               5.95(0.30)B     6.26(0.49)B    5.33(0.02)B    3.99(0.18)C    [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}    [\*](#t2-fn1){ref-type="fn"}
  (g kg^−1^)                   NPK               6.31(0.28)B     6.67(0.27)B    5.98(0.30)B    5.00(0.05)B                                                                                     
                               NPKM              9.03(0.41)A     10.20(0.34)A   9.24(0.55)A    7.28(0.17)A                                                                                     
                               NPKS              7.79(0.21)A     8.64(0.53)A    8.50(0.17)A    7.45(0.12)A                                                                                     
                                                      b               a              b              c                                                                                          
  TN                            CK               0.49(0.03)B     0.47(0.02)B    0.43(0.00)B    0.36(0.02)C    [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}                 ns
  (g kg^−1^)                   NPK               0.58(0.02)B     0.60(0.02)B    0.56(0.05)B    0.52(0.01)B                                                                                     
                               NPKM              0.89(0.05)A     0.92(0.03)A    0.91(0.03)A    0.76(0.01)A                                                                                     
                               NPKS              0.81(0.05)A     0.87(0.05)A    0.87(0.02)A    0.82(0.02)A                                                                                     
                                                      a               a              a              b                                                                                          
  C/N                           CK               12.28(0.18)A    12.85(0.54)A   12.29(0.06)A   11.10(0.25)A   [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}                 ns
                               NPK              10.86(0.20)AB    11.05(0.22)B   10.67(0.36)B   9.70(0.22)B                                                                                     
                               NPKM              10.16(0.15)B    11.13(0.17)B   10.17(0.25)B   9.53(0.07)B                                                                                     
                               NPKS              9.65(0.63)B     9.90(0.38)B    9.77(0.05)B    9.13(0.08)B                                                                                     
                                                      ab              a              b              c                                                                                          
  pH                            CK               8.76(0.06)A     8.76(0.01)A    8.71(0.04)A    8.66(0.04)A    [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}                 ns
                               NPK               8.38(0.02)B     8.40(0.02)B    8.42(0.02)B    8.32(0.03)B                                                                                     
                               NPKM              8.48(0.02)B     8.46(0.04)B    8.43(0.01)B    8.37(0.04)B                                                                                     
                               NPKS              8.43(0.07)B     8.39(0.04)B    8.44(0.05)B    8.28(0.05)B                                                                                     
                                                      a               a              a              b                                                                                          
  E~SOC~                        CK               1.12(0.06)A     1.18(0.10)A    1.00(0.00)A    0.75(0.04)A                  ns                 [\*\*](#t2-fn1){ref-type="fn"}   [\*\*](#t2-fn1){ref-type="fn"}
                               NPK               0.89(0.05)B     0.94(0.01)A    0.85(0.02)B    0.71(0.03)A                                                                                     
                               NPKM              0.92(0.03)B     1.04(0.03)A    0.94(0.04)AB   0.74(0.02)A                                                                                     
                               NPKS              0.86(0.04)B     0.96(0.08)A    0.94(0.05)AB   0.83(0.03)A                                                                                     
                                                      b               a              b              c                                                                                          
  E~TN~                         CK               1.00(0.07)A     0.96(0.04)A    0.89(0.01)B    0.74(0.05)B                  ns                 [\*\*](#t2-fn1){ref-type="fn"}    [\*](#t2-fn1){ref-type="fn"}
                               NPK               0.84(0.04)A     0.87(0.02)A    0.82(0.04)B    0.75(0.02)B                                                                                     
                               NPKM              0.92(0.04)A     0.95(0.02)A    0.94(0.02)B    0.79(0.02)B                                                                                     
                               NPKS              0.93(0.08)A     1.00(0.07)A    0.99(0.03)A    0.93(0.03)A                                                                                     
                                                      a               a              a              b                                                                                          

SOC, soil organic carbon; TN, total nitrogen; C/N, C/N ratio; Enrichment factors of soil organic carbon (E~SOC~) and total nitrogen (E~TN~); F, fertilization; As, aggregate size. \*\*P \< 0.01; \*P \< 0.05; ns, no significant difference. Different capital letters (ABC) represent significant differences among fertilization treatments within the same aggregate fraction and different lowercase letter (abc) indicate significant differences among aggregate fractions in the wheat season, as determined by Tukey's honestly significant difference test, P \< 0.05.

###### Soil microbial biomass within aggregates in different fertilization treatments (mean with standard error in parentheses, n = 3).

  Microbialgroups    Fertilizationtreatments   Aggregate size      Effects                                                                                                       
  ----------------- ------------------------- ---------------- --------------- --------------- --------------- -------------------------------- -------------------------------- --------------------------------
  Total PLFA                   CK              17.42 (0.95)D    17.39 (2.00)C   16.57 (2.49)C   14.89 (0.71)C   [\*\*](#t3-fn1){ref-type="fn"}   [\*\*](#t3-fn1){ref-type="fn"}   [\*\*](#t3-fn1){ref-type="fn"}
  (nmol g^−1^)                 NPK             25.40 (1.18)C    27.49 (3.10)B   22.26 (1.85)C   23.31 (2.52)B                                                                                    
                              NPKM             40.70 (3.16)A    41.70 (1.45)A   30.17 (1.19)B   34.84 (1.23)A                                                                                    
                              NPKS             35.01 (1.48)B    38.10 (4.08)A   40.64 (5.72)A   37.84 (1.72)A                                                                                    
                                                     ab               a               b               b                                                                                          
  Bacteria                     CK              11.71 (0.37)D    11.60 (0.80)C   11.21 (0.95)C   10.15 (0.25)C   [\*\*](#t3-fn1){ref-type="fn"}   [\*\*](#t3-fn1){ref-type="fn"}   [\*\*](#t3-fn1){ref-type="fn"}
  (nmol g^−1^)                 NPK             17.23 (0.44)C    18.51 (1.26)B   15.08 (0.87)C   16.33 (1.08)B                                                                                    
                              NPKM             27.89 (1.18)A    28.66 (0.50)A   20.40 (0.74)B   24.47 (0.38)A                                                                                    
                              NPKS             23.59 (0.66)B    25.88 (1.68)A   27.66 (2.21)A   26.38 (0.55)A                                                                                    
                                                     ab               a               b              ab                                                                                          
  Fungi                        CK               0.33 (0.02)B    0.32 (0.03)C    0.30 (0.04)B    0.25 (0.01)C    [\*\*](#t3-fn1){ref-type="fn"}                 ns                 [\*\*](#t3-fn1){ref-type="fn"}
  (nmol g^−1^)                 NPK              0.38 (0.02)B    0.44 (0.07)BC   0.33 (0.02)B    0.34 (0.03)C                                                                                     
                              NPKM              0.66 (0.03)A    0.68 (0.03)AB   0.43 (0.05)B    0.58 (0.01)B                                                                                     
                              NPKS              0.62 (0.04)A    0.70 (0.06)A    0.76 (0.09)A    0.75 (0.03)A                                                                                     
                                                     ab               a               b              ab                                                                                          

F, fertilization; As, aggregate size. \*\*P \< 0.01; \*P \< 0.05; ns, no significant difference. Different capital letters (ABC) represent significant differences among fertilization treatments within the same aggregate fraction and different lowercase letter (ab) indicate significant differences among aggregate fractions in the wheat season, as determined by Tukey's honestly significant difference test, P \< 0.05.

###### Nematode ecological indices within different aggregate fractions under different fertilization treatments (mean with standard error in parentheses, n = 3).

  Ecological indices    Fertilization treatments   Aggregate size      Effects                                                                                                     
  -------------------- -------------------------- ---------------- --------------- --------------- --------------- -------------------------------- ------------------------------ --------------------------------
  EI                               CK               35.37(1.57)A    35.48(2.16)A    35.55(0.10)A    20.00(0.01)B    [\*\*](#t4-fn1){ref-type="fn"}                ns                [\*\*](#t4-fn1){ref-type="fn"}
                                  NPK               14.84(0.32)B    13.25(1.47)C    12.83(4.35)B    18.56(3.61)B                                                                                   
                                  NPKM              24.31(2.46)A    22.90(1.68)B    41.05(0.61)A    23.75(0.72)B                                                                                   
                                  NPKS              37.74(6.15)A    43.61(5.39)A    62.19(3.40)A    75.19(6.28)A                                                                                   
                                                         a                a               a               a                                                                                        
  SI                               CK               61.81(1.74)A    62.86(2.86)A    45.98(2.66)AB   43.00(4.04)AB    [\*](#t4-fn1){ref-type="fn"}    [\*](#t4-fn1){ref-type="fn"}   [\*\*](#t4-fn1){ref-type="fn"}
                                  NPK              43.78(0.97)AB    50.02(2.04)AB   43.36(5.29)B    41.37(6.55)AB                                                                                  
                                  NPKM             51.29(6.26)AB    40.05(5.79)BC   54.71(1.47)AB   26.11(4.58)B                                                                                   
                                  NPKS              40.29(5.99)B    33.14(0.66)C    60.73(1.13)A    63.57(4.54)A                                                                                   
                                                         ab              ab               a               b                                                                                        

EI, enrichment index; SI structure index; F, fertilization; As, aggregate size. \*\*P \< 0.01; \*P \< 0.05; ns, no significant difference. Different capital letters (ABC) represent significant differences among fertilization treatments within the same aggregate fraction and different lowercase letter (abc) indicate significant differences among aggregate fractions in the wheat season, as determined by Tukey's honestly significant difference test, P \< 0.05.
